Résumé. 2014 Abstract. 2014 We report results of quasi-elastic neutron scattering experiments on concentrated polyelectrolyte solutions in water without added salt. The polyion is sulphonated polystyrene, associated successively with sodium and tetramethylammonium counterions. In this second case, all possible configurations of deuterated and non deuterated charged components are tested. The quantities first derived from the experiment are the static polyion and counterion structure factors. Next, the coherent and incoherent contributions to the time-dependent structure factors are separated. The counterion self diffusion coefficient is determined from the incoherent scattering. A wave-dependent diffusion coefficient is derived from the coherent scattering. This coefficient is associated with the slow collective relaxation mode. The mobility related to this mode is found to have a characteristic wavevector dependence, settling thereby a question raised earlier about the dynamic structure factor of polyelectrolytes made of flexible coils. The attempt to observe the fast relaxation mode using the different labelled combinations failed.
instance, the existence of a maximum value of the polyion-polyion partial static structure factor at some transfer wavevector qm varying as c 112 [3] , or the anomalous value of the electrical conductivity [4] . They are also attributed to the strong Coulomb couplings. Here we consider the time and space dependence of the concentration autocorrelation functions.
Unlike the case of ordinary diffusive behaviour, two characteristic relaxation frequencies are expected to Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:0198300440108700 be found, with one non zero relaxation frequency at zero transfer wavevector. The disymmetry in mass and charge between polyions and counterions, typical of a polyelectrolyte, produces other specific dynamic properties. When the polyion is a rigid molecule, as is the case with polystyrene latex, the dynamics of the system can be in some respect treated in a simplified way, using the Born-Oppenheimer hypothesis. The counterion equilibration time [2] is small compared to the corresponding polyion time and, as a consequence, the two species can be considered separately. When the polyion is made of long, flexible coils, as is the case in this report, the dissymmetry is still large but its effect is tempered, in concentrated solutions, because of the overlapping of the coils. Here the elementary time for the polyion is fixed by the size of the rigid units associated with the random coil configuration. But the main fact of interest in this case is that the polyion concentration fluctuations have longrange spatial correlations, which are sensitive to molecular interactions, and whose variations can be measured over a large q range from a scattering experiment. The characteristic variation with q of the time-dependent pair correlation functions serves as a test for the formulation of the dynamic properties in such systems.
In a preceding letter [5] , a problem was raised concerning the q-dependence of the effective diffusion coefficient, D(q), related to the polyion concentration fluctuations. The data published in reference [5] suggested that D(q) probably changes from a decreasing to a constant function of q as q increases beyond qm. However, there was not enough experimental material to settle the matter conclusively. We thus performed more neutron quasi-elastic scattering experiments at the Institut Laue-Langevin (Grenoble). Our K is an apparatus constant, the indices I and J run over all the components of the system (in our case three components, the solvent I = 0, the polyion I = 1 and the counterion 7 = 2). The transfer wavevector q is related to the scattering angle 0, the energy transfer hot and the wavelength A of the scattered neutrons. In the quasi-elastic approximation (núJ smaller than the neutron incident energy) we have :
The coherent dynamic scattering function SIJcoh(q, cv) is defined by [6] :
and the incoherent dynamic scattering function S, i..(q, M) by [6] Because of the long-range correlations in polyelectrolyte solutions (polymer structure and electric interactions), small-angle scattering experiments are interesting. In this q range, the incompressibility constraint has to be taken into account; this is done later (see Part 6) .
A characteristic of the neutron scattering experiment, as compared to light scattering for instance, is apparent in the I(q, co) formula (1) . The self transport properties of the system are encoded in the incoherent contributions (3) to the total intensity and must be separated from the collective ones (2) .
It TMA + or Na + ). The quantity v is the partial volume of the species, and index 0 refers to the solvent (D20).
Notice that in this case the incoherent scattering cross-section is accounted for mostly by spin incoherence (and not by isotopic incoherence). 4 . Spectrometer description. -The spin-echo (IN 11) and the back-scattering (IN 10) spectrometers of the Institut Laue-Langevin were used in this experiment. They are described in detail in references [10, 11, 12] . It is however useful to define here the quantities measured from these instruments.
The Moreover when the second Tc/2 coil is « on », its current may be either positive or negative.
The neutron detector is placed behind the polarization analyser. Given an experimental configuration, the measured quantity is the scattered neutron flux with spin « up ».
Let 1+(I_) be the flux when all spin-turn coils are on, with a positive (negative) current in the second n/2 coil; IT the flux when all spin-turn coils are off and Ii the flux when all but the n spin-turn coils are off It is shown (see Ref [12] In the first case the sample is vanadium; its dynamic scattering function is seen as an incoherent elastic peak : I(q, (o) f'OooI 6(cv). Thus the curve is the resolution function GO(a)). In the second case the sample is PSSHTMAH. The spectra are reduced to the same height, to facilitate the comparison between the apparatus and sample broadenings. The second curve is not centred around cv = 0, because the resolution function is not a symmetric function about the origin. As is apparent in figure 6 , the convolution analysis is necessary to recover the sample true I(q, w); therefore the data were analysed according to the methods described in § 4.
From the study of the PSSpTMAH sample, the polarization analysis establishes that incoherent scattering is important at large q values and almost as important as coherent scattering at small q's (see Fig. 2 ). (Fig. 7) . The measured diffusion coefficient, defined by D = yq-2, is D = 3.7 x 10-11 M2.S-1.
In the whole q range probed, the PSSHTMAD intensity is mostly coherent, excluding perhaps the first point (Fig. 2) . At the four last angles, it is possible to fit a single broadened Lorentzian to the experimental data. In this high-q limit, the broadening y is again linear in q2 (Fig. 8) [5] these formal results were modified to include a wavevector dependent mobility Jl(q), introduced to account for the internal structure and for the small-scale rigidity of a polyelectrolyte chain.
The coherent dynamic functions Sjj(q, (o) are given here using first the simplified theory (structureless particles) and then according to reference. [5] . The simplified theory is expected to be valid only in the small-q domain. Its interest is that it explicitly considers all the components, solvent, counterion and polyion on a par, and thus provides a convenient framework within which to discuss the influence of the counterions on collective dynamical properties. To our knowledge there is no such framework for the higher-q regime. That is why we reproduce below the arguments given before in reference [5] , to cope with high-q situations.
As Other necessary conditions appear as inequalities and are less important constraints. In the subsequent general discussion we shall assume that the dynamic matrix A (q) is chosen to be compatible with the crosssection positivity requirement.
Diagonalizing the (two by two) matrix A (q), we find a two-mode structure of I(q, t) :
where Ts ' (resp. Tf ) is the relaxation frequency of the slow (resp. fast) mode (!; 1 Tf ') and S, Y are amplitudes depending on the contrast lengths bl, on the 51J' and on the matrix elements A1J(q). Their explicit form is not particularly illuminating (see Appendix A). The relaxation frequencies r-' lead Explicit expressions may be given within the model of Berne and Pecora [2] , which describes the dynamics of an electrolyte solution made of rigid molecules.
Let D_ and D+ be the self diffusion coefficients respectively for the anion and the cation. Using our preceding notation (see Eq. 13), D+ = D2. Let z be the charge ratio between anion and cation. The dyna-mic matrix is in this case where K -' is the Debye screening length.
This form for the dynamic matrix is consistent with the cross-section positivity requirement, for small q's, because of the electroneutrality conditions : (see Appendix B).
The slow and fast mode relaxation frequencies are easily obtained. In the small-q limit :
for large wavevector q values :
Moreover, the following inequalities hold true In order to interpret our experimental data, we may first use the Beme and Pecora model defined above, and thus neglect the coil-like structure. For this, we need to define the « anion » which best describes the dynamics of our polyelectrolytes using the above equations. Because the coils are flexible, the « anion » is a unit whose size .ranges from the entire coil to the monomer. The blob of size j = K-' (Debye screening length) was proposed to be such a unit [17] [18] [19] . In this case, the self diffusion coefficient D-is the coefficient corresponding to the blob of size ç. Expressions (t6) and (1 7) can then be used to determine the time dependences in (14) . Our final, qualitative, results are then : a two-mode structure of I(q, t), with a (low intensity) plasmon mode; a diffusion coefficient associated with the slow mode which exhibits plainly, for small q's, the coupling between polyions and counterions. It is a decreasing function of q and becomes a property of the sole polyion for large q's.
An improvement for such a model, as regards the polyion dynamics, is then found by acknowledging the internal structure of the coil ; this is done in references [5] . Counterions are ignored for large q's ; according to the simplified analysis made above this should cause no harm.
The essence of the analysis given in reference [5] [21] , which, however, does not explicitly give the mobility ,u(q). In reference [5] the theoretical prediction for the behaviour of the mobility p as a function of q is :
where lp is the persistence length of the polyelectrolyte chain [20] . Since the authors in [5] We assume that they are real and negative. These eigenvalues are related to the relaxation frequencies Tf ' and !; 1 : T-' The electroneutraIity relations. - We consider a multicomponent system with component I bearing the electric charge Z,,
The number fraction of component I is xj, the total number of particles, N, and the volume, V. We now ask for the mean electric charge 6/r) around a particle at position r belonging to component 1.
We have where pjj is the probability of finding a J-partide somewhere when there is a I-particle at r ;.. therefore ,.,.IV (i)(r r') being the conditional probability of finding the ith J-particle at r"with a I-particle at r. It is related to the pair-correlation function gjj through :
Thus or, using the global electroneutrality relation
The total electric charge of the system is equal to the sum of the charge ZI of any I-particle at some position r and the charge QI(r) of all the other particles surrounding this one. This total charge is zero; thus
